Studies identifying specific pathologically expressed genes have been performed on diseased myocardial tissue samples, however less invasive studies on gene expression of peripheral blood mononucleated cells give promising results. This study assessed transcriptomic data that may be used to evaluate Dachshunds with chronic mitral valve disease. Dachshunds with different stages of heart disease were compared to a control, healthy group. Microarray data analysis revealed clusters of patients with similar expression profiles. The clusters were compared to the clinical classification scheme. Unsupervised classification of the studied groups showed three clusters. Clinical and laboratory parameters of patients from the cluster 1 were in accordance with those found in patients without heart disease. Data obtained from patients from the cluster 3 were typical of advanced heart failure patients. Comparison of the cluster 1 and 3 groups revealed 1133 differentially expressed probes, 7 significantly regulated process pathways and 2 significantly regulated Ariadne Metabolic Pathways. This study may serve as a guideline for directing future research on gene expression in chronic mitral valve disease.
Introduction
Chronic mitral valve disease (CMVD) appears to have a high prevalence in some breeds, the Dachshund being one (Garncarz et al. 2013) . Possible factors implicated in the disease include genetics (Abbott 2008) . Olsen et al. (1999) have postulated that a polygenic character of inheritance may be responsible for the disease in Dachshunds, while Madsen et al. (2011) have implicated two loci in CMVD in the Cavalier King Charles Spaniel (CKCS), another breed affected by the disease. These publications underlie the role genetics play in this acquired disease (Lewis et al. 2011) . French et al. (2012) have shown that the disease is not a result of a single gene effect in the CKCS, emphasizing the necessity to find specific mutations when making decisions related to breeding dogs. Stern et al. (2015) have shown that disease severity may also be associated with genetic factors in Whippets.
To elucidate the role of genetics in development of CMVD studies have been undertaken to identify specific genes which, when pathologically expressed, lead to heart lesions or dysfunction. Most of these studies have been performed on tissue samples taken from the diseased hearts (Oyama et al. 2005 , Disatian et al. 2008 , Zheng et al. 2009 , Aupperle et al. 2010 , Obayashi et al. 2011 . The major drawback of these studies is the difficult in vivo acquisition of diagnostic material via i.e. biopsy. Studies on gene expression of peripheral blood nucleated cells seem a feasible alternative. Studies have shown changes in the expression of Na+-Ca2+ exchanger (NCX-1) responsible for removing calcium from cells (Moon et al. 2008 , Nam et al. 2010 ) and phospholamban (PLN), which regulates the Ca2+ pump in cardiac muscles (Mishra et al. 2005 , Lee et al. 2009 ). Hulanicka et al. (2014) showed significant differences in the expression of genes from isolated RNA samples from peripheral blood nuclear cells (PBNC) between dogs with different stages of CMVD postulating α-SMA as a potential biomarker of heart failure.
The dataset of transcriptomic profiles (Gene Expression Omnibus data repository under the number GSE48319) of Dachshund dogs with heart failure secondary to CMVD was analysed and correlated with all clinical and laboratory data obtained from these animals. The main aim of this study was to verify whether transcriptomic profiles of peripheral blood nuclear cells of Dachshunds with CMVD are correlated with any clinical and laboratory data routinely evaluated. For this purpose we wanted to (i) identify groups (clusters) of patients with similar expression profiles and (ii) identify clinical variables, which are significantly associated with these clusters and (iii) compare the clusters in terms of differentially expressed genes.
Materials and Methods
This study complies with national and institutional guidelines on the use of animals in clinical research according to the Polish legal act from January 21st, 2005 concerning experiments performed on client owned animals. An informed consent was obtained from dog owners and a high standard of care was adhered to. A prospective study and data analysis were carried out on dogs submitted to the Faculty of Veterinary Medicine Cardiology Service, Warsaw School of Agriculture. Dachshunds with recognized heart disease were classified according the ACVIM (American College of Veterinary Internal Medicine) classification scheme (Atkins et al. 2009 ). Initially 52 Dachshunds were examined, however 29 dogs were eliminated from further studies due to recognized and significant comorbidities. The remaining 23 dogs were grouped as follows: class B -6 dogs, class C -6 dogs, class D -6 dogs, class A (control group) -5 healthy dogs. Study population characteristics are shown in Table 1 .
Clinical and laboratory examinations were performed according to accepted methods (Abbott 2008) . A transthoracic echocardiographic examination (Aloka 4000 with 2.5-7 mHz sector transducers) was performed at rest without pharmacological restraint according to standard procedures in right and left lateral recumbency, in some cases in the standing position (Abbott 2008) and allowed for diagnosis and staging of mitral valve disease. A six lead ECG was performed with BTL-08 MD machine in the dogs in right lateral recumbency position.
For laboratory testing blood samples were collected via venipuncture from the cephalic or jugular veins. Basic morphologic and biochemical testing was performed in the Laboratory of The Small Animal Clinic, including a complete blood count, serum sodium, potassium, urea, creatinine, total protein, aspartate transaminase (ASpAT), alanine aminotransferase (AlAT), alkaline phosphatise (AP) and glucose. For RNA testing blood samples were collected in Rneasy Protect Animal Blood Tubes (Qiagen, USA). Total RNA from peripheral blood nuclear cells was isolated with Rneasy Protect Animal Blood Kit (Qiagen, USA). Isolated RNA samples were dissolved in 30 μl of REB Buffer from the test kit. RNA quantity was measured spectrophotometrically using a NanoDrop (NanoDrop Technologies, USA). Final RNA quality and integrity was analysed with a BioAnalyzer (Agilent, USA). To ensure optimal data quality, only RNA samples with RIN number ≥7.5 were included in the analysis.
Analysis of gene-expression profiles was performed using Canine (V2) Gene Expression Microar- ray, 4x44K (Agilent Technologies, USA). Each slide contained 4 microarrays representing about 45000 canine predicted mRNAs. The Quick Amp Labelling Kit (Agilent, USA) was used to amplify and label target RNA to generate complementary RNA (cRNA) for oligo microarrays used in gene expression profiling. A common reference pool of equal amounts of RNA from 10 healthy Dachshund dogs was used. On each two-colour microarrays, 825 ng of cRNA (labelled Cy3) and 825 ng of cRNA (labelled Cy5) was hybridized from the pool. Microarray hybridization was performed with Gene Expression Hybridization Kit (Agilent Technologies, USA) according to the manufacturer's protocols. RNA Spike In Kit (Agilent Technologies, USA) was used as an internal control. Acquisition and analysis of hybridization intensities were performed using Agilent DNA microarray scanner. Data were extracted and background subtracted using standard procedures contained in the Agilent Feature Extraction (FE) Software version 10.7.3.1. FE performs a Lowess normalization. Statistical analysis was performed using Gene Spring 12 software (Agilent, USA). The samples underwent quality control and the results showed that each sample had a similar QC metric profile. Next filtering probe sets by flags were used to remove poor quality probes (absent flags). The statistical significance of the differences was evaluated using a one-way ANOVA and Tukey's HSD Post-hoc test (p<0.05). A multiple testing correction was performed using Benjamini and Hochberg False Discovery Rate (FDR) with significant differences indicated by the condition FDR-corrected p-value < 5%. Microarray data were deposited at the Gene Expression Omnibus data repository under number GSE48319 and followed MIAME requirements.
Unsupervised analysis was performed using hierarchical clustering with Ward's minimum variance method. We tested which of the clinical variables were significantly associated with cluster ID using the Chi-square test and Fisher exact (for testing association of the cluster ID with discrete clinical variables), and the nonparametric Wilcoxon and Kruskall-Vallis tests (for association of cluster ID with continuous clinical variables).
Finally, we analyzed differentially expressed genes between the clusters identified by the unsupervised analysis using linear methods for microarrays (the limma R/Bioconductor package) (Smyth 2004 , Ritchie 2015 . In this procedure, we first performed unspecific filtering of the expression data to remove probes with no expression (technically, probes with mean expression over all samples below 100 were considered probes with no expression); then we calculated signal as median-centered log2 ratio of R vs G channel, and used these signal values in the limma procedure for differential expression analysis, based on the lmFit function, with the target taken as the p27   p24  p36  p50  p37  p19  p22  p43  p1  p42  p21  p41  p2  p49  p34  p15  p44  p5  p40  p8  p52  p18 p51 cluster ID (Smyth 2004) . Statistical tests for association between cluster ID and clinical data were performed with SAS/STAT 12.3 software; all remaining analyses were performed using the R/Bioconductor system (Huber 2015) . Pathway analysis of the obtained set of differentially expressed genes was performed using Ariadne's Pathway Studio software (Ariadne Genomics, USA), which interprets gene expression and other high throughput data; builds, expands and analyzes pathways; finds relationships among genes, proteins, cell processes and diseases; and draws pathway diagrams. The software gives information on the different types of pathways, namely cell process pathways, metabolic pathways, receptor pathways, cell signalling pathways.
Results
The key cardiologic data are consistent with the intensity of heart disease and the classification to specific ACVIM group (Table 1) .
The results of the unsupervised classification are presented in Fig. 1 . Cluster analysis revealed three groups of patients with distinct gene expression profiles: cluster 1 with patients p24, p27, p36, p37 and p50; cluster 2 with patients p2, p5, p8, p15, p18, p21, p34, p40, p41, p44, p49, p51 and p52, and cluster 3 with patients p1, p19, p22, p43, p42. The groups revealed in the cluster analysis were then correlated with clinical data for symptoms, laboratory, ECG and echocardiographic findings (Table  2) . Based on these data we concluded that patients belonging to the cluster 1 group might be considered as "healthy" ones, whereas patients belonging to the cluster 3 group could be considered ones with more advanced heart disease. Patients from the cluster 2 have a more scattered transcriptomic cluster profile in between that of cluster 1 and 3.
A comparison of gene expressions between the two clearly different cluster groups -1 and 3 revealed 1133 differentially expressed probes (FDR-adjusted p<0.01) (data not shown). The data were re-clustered in the space of these 1133 differentially expressed genes as shown in Fig. 2 . Ontology analysis using the Ariadne software revealed 7 significantly regulated process pathways and 2 significantly regulated Ariadne Metabolic Pathways (Table 3) .
Discussion
The search for the new biomarkers of specific diseases has recently become a very important direction in science and research. Wide access to many large-scale scientific tools and methods often results in thousands of data obtained in just one experiment. This frequently leads to many new hypotheses rather than simple and clear answers.
In our previous study we were able to show that the transcriptomic profile of peripheral blood mononuclear cells (PBMC) in humans after acute heart failure could be correlated with their kidney function and increased plasma creatinine levels (Szmit et al. 2012) . In the present study, we wanted to find out whether the classification of patients based on tran-p36 p24 p27 p50 p37 p42 p19 p22 p1 p43 Fig. 2 . Hierarchical clustering between cluster 1 (purple box) and 3 (blue box) in the space of n=1133 differentially expressed genes.
scriptomic profiling results of their PBMC could be useful for the clinical staging of CMVD. Although the disease is well known from the clinical point of view, its origin is still a matter of debate so the methodology used in the present study was also aimed at searching for new potential biomarkers of this disease or trying to elucidate disease pathogenesis. In fact the analysis revealed the presence of three clusters. The cluster 1 group represented dogs from ACVIM A (healthy) and ACVIM B (subclinical heart failure), logically grouping dogs with no clinical symptoms. The cluster 2 group included the most diverse patients. This in fact is a reflection of the greatest challenge for veterinary practitioners -staging patients in their disease severity, and also underlines the need for further studies that might finally show us one or several precise markers of patient disease stage. The cluster 3 group consisted of 2 ACVIM B patients and 3 ACVIM D patients -the discrepancy seems to be significant. However the clear difference seen between transcriptomic profiles of the cluster 1 and 3 groups cannot be denied. The n=1133 differentially regulated genes (Fig. 2) between these two clusters seem to be important and we believe deemed further analysis. Investigating the relation of the transcriptomic profile with 75 different clinical, blood morphological, biochemical and echocardiographic parameters showed some significant differences some of which were consistent with advanced stages of heart failure in the course of CMVD in cluster 3 patients. For example the average heart rate, left-atrial to aortic ratio, fractional shortening and ejection fraction are understandably increased in the cluster 3, and even the cluster 2 albeit to different degrees, as these are typical signs of more advanced CMVD (Table 2) . Both dogs from the ACVIM B group found in the cluster 3 group had a sinus rhythm over 120/min without a respiratory arrhythmia, however neither had a loud heart murmur and both had only mildly enlarged left atrial size. It must be underlined that the ACVIM B group consists of dogs without clinical signs but with chamber enlargement and it might very well be that these were dogs that were in a stage just prior to the appearance of clinical signs. We decided to check this and interestingly found that dog 19 was classified as ACVIM C three months after the initial examination, however dog 1 was classified as ACVIM C after 1.5 years. In both cases, however, significant tricuspid regurgitation was noted 3 months (dog 19) and 4 months (dog 1) after initial examination. Definitely further studies would be needed on a much larger scale to eliminate such discrepancies. Also it might be beneficial to look at other parameters to confirm that the same animals would give us similar transcriptomic cluster profiles, i.e. murmur intensity, mitral regurgitation indices, severity of mitral valve lesions. Furthermore, if this proves true, recognizing a cluster 3 type of transcriptome might be used for studies on prognostic markers for imminent heart failure. Similarly cluster 1 type of transcriptomic profile grouped dogs that had small left atria, sinus arrhythmia and a normal heart rate. This would be consistent with mild CMVD, including dogs in the ACVIM B group (ACVIM B1 -valvular changes without chamber enlargement).
The really surprising result was that although cluster 3 patients could be characterised as ill ones and cluster 1 could be characterised as healthy ones there was no statistical difference between age of these two groups (cluster 3=131.6 ± 11.5 months vs. cluster 1=97.2 ± 21.9 months; p=0.222). The significant age difference between the AVCIM Stage groups (see Table 1 ) was not unexpected because the advanced staging of heart disease in dogs is clearly related with patient ageing. So logically the "ill" group should be significantly older than the "healthy" one. Of course, the question remains whether the age differences could influence transcriptomic profiles. Up to date there have been no published data about such a phenomenon in dogs. On the other hand, our hierarchical clustering gave us clusters of patients, which did not differ significantly in age and this also suggests that the differences in transcriptomic profiles of identified clusters were not related with patient age but with patient health status. However, we cannot fully eliminate the influence of age on the genomic profile of the groups and further studies would need to be performed to specifically prove this influence in dogs.
This study shows new directions in genomics of CMVD, especially for investigating and elucidating transcriptomic changes observed in the cluster 3 group. The precise differences in the cluster groups signify a clear grouping of the animals. It may be that these groups do not signify the stage of disease but the reason some dogs progress into advanced stages of CMVD, while others remain in the subclinical phase. The list of significantly regulated genes between the two clusters seems quite long, however the list of significantly regulated pathways is short and unspecific (Table 3) .
Of course this study is of typical academic value and some important questions must be asked. First, are the peripheral blood nuclear cells a reliable material for investigating heart disease in dogs? Although some doubts still exist, the last decade has shown a huge development in the field of "transcriptional bloodomics" in human (Seiler et al. 2004 , Mohr and Liew 2007 , Szmit et al. 2012 ) and veterinary medicine (Farabaugh et al. 2004 , Hulanicka et al. 2014 . So the question whether the results observed are solely reflecting the clinical status of the patients, are related with etiopathogenesis of heart disease, or are a result of the disease process is still open. However, the answer to the question whether peripheral blood nuclear cells can serve as a reliable material for investigating heart disease in dogs seems to be, yes.
Conclusions
Our study showed several important aspects of transcriptomic studies. Firstly, the expression of genes in peripheral blood nuclear cells could be used for studies related to different stages of heart disease in Dachshunds with CMVD. Secondly, our results can serve as a guide in directing further studies with emphasis placed on the pathways (Table 3 ) that were regulated with significant differences between dogs with no clinical signs (cluster 1) and with clinical signs (cluster 3). The drawbacks of the study include a low number of dogs and high cost of mRNA studies.
